The quasicontinuum (QC) multiscale method is used to investigate anisotropic fracture behaviors of body-centered cubic (BCC) rare metal tantalum (Ta) loaded in Mode I and different fracture mechanisms are discussed from nanoscopic to continuum perspectives to have a deep understanding of brittle and ductile fracture. Initial crack deflection, brittle fracture by cleaving along low surface energy plane, ductile fracture as a result of dislocation emission and fracture accompanied by deformation twinning are all observed near crack tips of different crystal orientations. Particularly, some of these fracture mechanisms are found to be consistent with the latest experimental results. By examining different fracture behaviors, we find the surface energy and the available slip planes play a combined role in determining the fracture mechanisms near a crack tip. Both isotropic and anisotropic critical stress intensity factors are derived and compared for different crack orientations. A straightforward criterion that is proved to be applicable is used to distinguish brittle fracture from ductile fracture.
Introduction
Crack propagation has been the focus of intensive researches since Griffith (1921) proposed the criterion of brittle fracture due to its fundamental role in structural applications. Recently, the desire of creating ultra-strength materials motivates researchers to further study the microscopic mechanisms of crack initiation and propagation with the help of the latest experimental techniques and numerical simulation methods Yip, 1990, 1994; Abraham et al., 2000; Li et al., 2003a; Latapie and Farkas, 2004; Buehler et al., 2004; Prahl et al., 2007) .
Traditionally, the continuum-based theories of fracture mechanics, especially the linear elastic fracture mechanics (LEFM) have provided deep insight for prediction of propagation of initial crack. However, these continuum theories cannot account for the entire experimentally observed characteristics of the crack dynamics such as phase transformation and crack surface topography. In fact, fracture initiation or propagation is a rather complex process that involves the subjects of fracture dynamics, thermal dynamics and material science. What is more, as fracture process is inherently nonlinear and spans several widely different length scales, the study of fracture appears to be ideally suited for multiscale simulations that combine atomistic and continuum description to shed light on the complex mechanisms of fracture process.
Since the last decade, molecular dynamics (MD) has been widely used to investigate atomic fracture behavior near the crack tip and have enriched researchers' understanding of the mechanisms of crack inanition and propagation. These progresses include lattice trapping effect (Bernstein and Hess, 2003; Zhu et al., 2006) and the influence of T-stress on crack propagation (Dong, 2002; Beltz and Machová, 2004) , as well as brittle-to-ductile transition mechanisms Hora et al., 2008; Farkas, 2005; Guo et al., 2004; Latapie and Farkas, 2003; Buehler et al., 2006 Buehler et al., , 2007 Sen et al., 2010; Thaulow et al., 2011) . As for the criteria of judging intrinsically brittle or ductile behavior of a crack, Rice (1992) obtained a critical parameter for distinguishing dislocation emission near crack tip from crack cleavage by equating the driving force due to the crack-tip stress field to the local resistance of slip plane. This parameter has become an important criterion to predict the brittle or ductile fracture behavior of metals; later, Zhou and Carlsson (1994) proposed a new ductility criterion which is independent of the intrinsic surface energy for dislocation emission from cracks; Another criterion for onset of deformation twinning at a crack tip was also derived based on the Peierls concept by Tadmor and Hai (2003) , Kang and Cai (2007) found that a simple parameter based on the ratio between the ideal tensile strength and the ideal shear strength correlates very well with brittle versus ductile behavior in their semiconductor nanowire simulations; Considering the fact that the calculation of energy barrier of dislocation usually targets on a straight dislocation, Zhu et al. (2004) , investigated the activation energy barrier for nucleating a 3D dislocation loop. We here present multiscale simulations of the fracture of BCC rare metal tantalum (Ta) based on the quasicontinuum (QC) method proposed by Tadmor et al. (1996) . Ta is chosen as our target of research since most of BCC fracture simulations are limited to a-Fe (Shastry and Farkas, 1996; Yan et al., 2004; Nishimura and Miyazaki, 2004; Spielmannová et al., 2010) and few studies of Ta fracture have ever been reported (Strachan et al., 2001) . Besides, Ta and its alloy are excellent candidate materials for applications in various fields (Cardonne et al., 1995; Buckman, 2000) , especially in electronic industry as a result of their unique high melting temperature, high strength and excellent ductility. We focus on the effect of crystal orientation and the inherent mechanisms on the fracture propagation behaviors of Ta loaded in Mode I. The simulation results are compared with available experimental results including the experiments of typical BCC metal a-Fe and tungsten.
A criterion similar to the one proposed by Rice (1992) is given in the discussion part to differentiate brittle fracture from ductile fracture under different crystal orientations.
Simulation model
QC method is an effective multiscale approach that couples continuum and atomic simulation. It is established that discrete atomic description are only necessary at highly deformed region and in the vicinity of defects or interfaces. Representative atoms in QC method are divided into local atoms and non-local atoms. The local atoms capture the deformation behavior of atoms that undergoes slowly varying deformation based on Cauchy-born rule. The nonlocal atoms are treated by discrete atomistic lattice statics in the areas where severe plastic deformation occur. By using an adaptive refinement strategy, QC method automatically reduces the degrees of freedoms and computational demand without losing atomistic detail in regions where it is required. More details of QC method can be found (Shenoy et al., 1998 (Shenoy et al., , 1999 .
A schematic representation of crack propagation simulation model is shown in Fig. 1 . The single crystal Ta plate in our simulation is 200 nm long and 150 nm wide. Periodic boundary condition is applied in the out-of-plane direction. An initial crack on the left side of the plate is created by removing three layers of atoms and only one layer atoms at the crack tip are removed to create a sharp tip. It must be noted that there is no interaction between the atoms on the upper and lower surfaces of the initial crack. The size of the model is roughly one order of magnitude larger than typical models used in MD simulations.
In order to investigate the effect of crystalline anisotropy on crack propagation, four cases of crack orientations of Ta plate are considered. Each of the specific cracks written in the form of (crack plane) [crack front] is defined by the crack plane (y-axis) and the direction of the crack front (z-axis). The crystal orientations of crack plane and crack front of the four models are listed in Table  1 . Our choices have taken into account of both the possible cleavage planes and the slip planes in front of the crack tip in different models. Fig. 2 illustrates crack tip configurations as well as some important crystal orientations ahead of crack tips. For instance, in model II, there are no available slip planes in front of crack tip while in model III and IV two slip planes are inclined at different angles to the crack planes, respectively.
As shown in Fig. 1 , displacement-controlled load is applied on the top and bottom surfaces of Ta plate. Specifically, the displacement (u x , u y ) of each node is applied according to the prediction of LEFM given by Eq. (1) (Feng, 1987) . In the formula, K I is the stress intensity factor, E is the elastic modulus, k is given by Eq. (2) in which m is the poison ratio, r and h are the polar coordinates of the node of which the displacement is calculated, as illustrated in Fig. 3 .
According to the way the fixed displacement boundary is applied, we use the stress intensity factor K I to represent different load stages. Furthermore, we calculated the critical stress intensity factor K IC for each crystal orientation according to Eq. (3) in which E is the reduced elastic modulus , m is the poison ratio and c is the surface energy of crack plane. The surface energy of each model (Li et al., 2003b) and their corresponding critical stress intensity factors K IC are listed in Table 2 . Since we have got the critical stress intensity factors, the external loads at each stage corresponding to K I could further be defined as nK IC . Therefore, we use nK IC to describe each loading stage. 
. Schematic illustrations of crack tips and some important crystal orientations ahead of crack tips.
It is worth mentioning that the applied fixed displacement loads and the calculated critical stress intensity factors in four models are based on the isotropic elastic theory for simplicity. In fact, a single crystal of microscopic or nanoscopic scale may exhibit strong anisotropic behavior. In the later discussion, we will further calculate and discuss the critical stress intensity factors based on anisotropic elastic fracture theory.
The interaction among Ta atoms is described by EAM potential proposed by Li et al. (2003b) . The anisotropic elastic modulus predicted by this potential are C 11 = 248.5 GPa, C 12 = 144.6 GPa and C 44 = 86.5 GPa (Marian et al., 2008) , which are approximate to the experimental results (Featherston and Neighbours, 1963) . Since only crack tip region is fully described by atomic simulation and adaptive refinement strategy is applied, roughly 10,000 atoms are treated in the multi-scale model.
One of the most powerful techniques to visualize crystal defects is the energy method (Bulatov et al., 1998) . Different colors are used to differentiate and highlight the atoms near crack tips based on their potential energy in our simulations. The atoms with high potential energy are colored in red while the atoms with low potential energy are colored in blue.
Results

Model I: (1 0 0)[0 0 1] crack
It is well known that {1 1 0} {1 1 2} and {1 2 3} are three families of relatively close-packed planes in BCC metals. Therefore, these closed-packed surfaces have low surface energies. In the model I shown in Fig. 2 (I), there are two close-packed planes, namely (1 1 0) and ð 1 1 0Þ planes lying ±45°to the crack front, respectively. During the initial loading, the crack tip first goes through a long period of elastic deformation and the elliptical-like crack tip is clearly observed as illustrated by the elliptic curves in Fig. 4a . There is no sign of crack propagation or plastic deformation near the crack tip when external load is applied to 1.0 K IC . The crack begins to propagate finally when the load is applied to 3.8 K IC . Judging from the crack tip configuration shown in Fig. 4b , we find that the initial crack have already changed its original path of propagation and advanced in the [1 1 0] direction. This type of branching has been reported in previous studies (Cheng and Yip, 1994; Sen et al., 2010) . We attribute this kind of deflection in our model to the low surface energy of the {1 1 0} plane. Indeed, the surface energy of {1 1 0} plane (1.77 J/m 2 ) is much lower than that of the original crack surface (2.03 J/m 2 ) seen from Table 2 . After the initial crack propagation at stress intensity of 3.8 K IC , the crack tip continues to advance along [1 1 0] direction. At the stress intensity of 5.32 K IC , the newly created crack surface is 3 nm long shown in Fig. 4c . As load goes on, the crack tip is slightly blunted by atomic rearrangement near the crack tip (Fig. 4d) since the loading direction is not perpendicular to the crack surface.
Model II: (1 1 0)[0 0 1] crack
In this case, the initial crack tip lies on (1 1 0) with a low surface energy compared with (1 0 0) surface. Furthermore, there is no available slip plane ahead of the crack tip judging from the crack configuration Fig. 2 (II). Therefore, it is reasonable to assume that the crack tends to propagate in a brittle manner. The initial crack does start to cleave at a stress intensity factor of 2.62 K IC as shown in Fig. 5a without inducing noticeable plasticity. Although the crack propagates brittlely in this crystal orientation, the Griffith stress intensity factor still underestimates the critical load of crack propagation. However, the critical stress intensity of initial crack propagation is much lower than that of model I because of low surface energy of crack plane and no available slip plane ahead of the crack tip.
Through the crack propagates in a brittle manner, it does not imply that the newly created crack surface is a smooth surface. At the stress intensity factor of 2.75 K IC shown in Fig. 5b , a small step on (1 1 0) plane is observed as the cleavage does not advance between two layers of (1 1 0) atoms strictly. The atomic configuration at the stress intensity factor of 3.81 K IC shown in Fig. 5c tells that crack surface tends to be rough as the crack advances into the Ta plate. When the external load is applied to 3.93 K IC (Fig. 5d) , the crack has already advanced more than 8 nm into the plate. Although slight atomic rearrangement near crack tip is observed, brittle cleavage characterize the whole crack propagation process in model II.
3.3. Model III: ð0 1 1Þ½0 1 1 crack
Two slip systems ð2 1 1Þ½1 1 1 and ð2 1 1Þ½1 1 1 lying at the angle h = ±54.73°with respect to the crack plane are schematically shown in Fig. 2(III) . The slip systems provide chances for plastic deformation such as dislocation emission. In fact, it is already found by researchers through experiments or simulations (Prahl et al., 2007; Nishimura and Miyazaki, 2004; Spielmannová et al., 2010) that partial dislocations or full dislocations might be emitted along h1 1 1i direction on {1 1 2} close-packed plane. The initial crack surface also has a low surface energy of 1.77 J/m 2 shown in Table 2 in model III. The low surface energy indicates that the crack tends to cleave from the point that cleavage might favor the low energy surface plane. At the stress intensity factor of 2.6 K IC , a slight cleavage is first observed shown in Fig. 6a . This is not surprising when both the sharpness of the initial crack tip and the low surface energy of (0 1 1) plane is taken into account (Fischer and Beltz, 2001) . By comparing the stress intensity factor when the first cleavage occurs in this model with the one in model II, we find that both cracks cleave almost at the same stress intensity factor in the two models as both of them have the same initial crack surface energy. As external load continues, the cleavage process on low surface energy plane competes with the slip process because of the available slip systems ahead of the crack front. The first slip process along ð1 1 1Þ direction on (2 1 1) plane finally occurs when external load is applied to 3.35 K IC as shown in Fig. 6b . The stress concentration at the crack tip is released by the nucleation and motion of a full dislocation (the Burgers vector is 1 2 ð1 1 1Þa, where a is the lattice constant of Ta). Besides energy release by dislocation emission, the crack tip is blunted as the tip becomes two atom layers wide in Fig. 6b . When external load is applied to 3.62 K IC , the first full dislocation continues to move as far as 23 nm away from the crack tip (as shown in Fig. 6c ). At the same time, another dislocation with a Burgers vector of 1 2 ð1 1 1Þa is emitted from the crack tip on ð2 1 1Þ plane and moves away from the tip. With the emission of the second dislocation, the crack tip is further blunted. Our simulation of plastic behavior of crack tip is in consistent with the experiment result which led to the ductile character of crack propagation in this crystal orientation. What is more, when the enlarged view of atomic configuration is examined in Fig. 6d after emission of the second full dislocation, phase transformation from the bcc structure to a typical closepacked hexagonal structure is observed at the crack tip. Similar localized phase transformation was also found near the crack tip of silicon which was believed to influence threshold crack speed (Buehler et al., 2007) . This type of phase transformation may further leads to recrystallisation near the crack front (Farkas, 2005) . Two slip planes are also found in Fig. 2(IV) for the case of model IV similar to model III. The only difference is that the slip planes of model IV lay different angles (±35.26°) with respect to the crack plane. Therefore, it is supposed that the shear stresses along the slip planes are different under the same external load from the perspective of continuum mechanics. When the external force is loaded to 3.17 K IC , deformation twinning which was also observed by many other researchers (Guo et al., 2004; Farkas, 2005; Prahl et al., 2007; Hora et al., 2008) , especially confirmed in the experiments in single Ta crystals (Mitchell and Spitzig, 1965; Shields et al., 1975) is found in our simulation as shown in Fig. 7a . Deformation twinning observed in this case near the crack tip is created by emission of partial dislocations in adjacent ð 1 1 2Þ planes. This is a quite different plastic deformation mechanism compared with the case of model III. As external load continues, the deformation twin goes deep into Ta plate and becomes thicker and thicker. At the stress intensity of 3.48 K IC , the deformation twin is already 28 nm long and 1.5 nm thick (Fig. 7b) . By comparing Fig. 7a and b we find that only after a long period of twin extension does crack propagation become evident. Therefore, it seems that deformation twinning near the crack tip leads to the ductile behavior of crack propagation from the point of plastic deformation. However, as shown at the stress intensity of 3.67 K IC in Fig. 7c , besides the expanding of the deformation twinning, the newly created crack surface plane tends to be the low surface energy plane, namely the twinned atomic planes that show mirror symmetry with ð 1 1 0Þ surface plane in this case. The processes of crack tip to choose low surface energy plane can be illustrated as below: firstly, the process of deformation twinning near the crack tip rotates the orientation of original crystal. As a result, the low surface energy plane lies at a small angle with the initial crack surface plane. This implies that crack may propagate on the mirror plane of the twin. In fact, the some researchers have also found through experiments that cracks propagate along twin boundaries (Prahl et al., 2007; Sorbello et al., 2009 ). After crystal rotation by deformation twinning, it tends to be possible and easier for initial crack tip to branch into the low surface energy plane under the loading Mode I.
From the above discussion, we reveal that deformation twinning seems to play two roles in crack propagation. On the one hand, deformation twinning as an important plastic deformation mechanism tends to make the crack to propagate in a ductile way since plastic deformation by the growth of twin near the crack usually precedes the growth of the crack. On the other hand, deformation twinning makes it much easier for the crack tip to branch into the low surface energy plane, which is usually the typical plane for brittle cleavage. In fact, deformation twinning near the crack tip is an interesting and in certain sense plays an ambiguous role which attracted researchers for many years. First, it is one type of plastic deformation as a result of shearing forces and might lead to the ductile and hardening behavior of metals. (Murr et al., 1997; Soulami et al., 2011) . Also, some researchers (Ŝmida and Boŝanskŷ, 2002) have revealed that the termination of cleavage rivers on the twin proves that twin boundary is an efficient barrier for dislocation motion and therefore may lead to the accumulation of stress in the vicinity of twins. At the same time, other researchers (Prahl et al., 2007; Spielmannová et al., 2007) have proved through experiments and simulations that deformation twinning is one critical important characteristic during brittle-to-ductile transition which depends on loading rates. Considering the possible dual roles of deformation twinning mentioned above, the terms quasi-brittle fracture (Warner et al., 2007) and subcritical ductile crack growth are sometimes used to describe twinning-accompanied fracture. Here, our investigation has offered one possible explanation of the mechanism of the dual role of deformation twinning in fracture.
Discussion
Crack propagation mechanisms for different crystal orientations
By observing atomic configurations near crack tips of Ta plates in four cases of crack orientations, quite distinctive deformation mechanisms which are critical for analysis of brittle or ductile fracture are found. In general, crack propagation mechanisms are mainly determined by the surface energy of initial crack plane and the available slip systems in front of the crack tip. This will be explained in detail by summarizing the fracture mechanisms in four cases of crack orientations here.
For the cases of model I and model IV, both of them have the same initial crack surface plane {1 0 0} and the surface energy is much higher than that of model II and model III. The biggest difference between model I and model IV lies in the available slip systems near the two crack tips. As for model I, no evident slip plane is available for shearing movement of atoms. However, (1 1 0) and ð 1 1 0Þ low surface energy planes are found near the crack tip. Therefore, one possible way of energy release is by creating new a crack surface plane along the low surface energy plane. As a result, the initial crack tip changes its direction of propagation to ð 1 1 0Þ low surface energy plane shown in Fig. 4 . When it comes to model IV, ð 1 1 2Þ and ð 1 1 2Þ slip planes lie in front of crack tip, therefore, deformation twinning (Fig. 7) as one type of shearing plastic deformation is much more favored rather than cleaving along high surface energy plane.
For model II and model III, both of them have initial cracks on low surface energy planes (1.77 J/m 2 ) but they are different in the available slip systems ahead of the crack tips. There are no available slip systems in the case of model II. The crack propagates on the initial low surface energy plane in a clear brittle manner under loading Mode I. Compared with model II, two slip systems indicating the possibility of atomic slip exist near the crack tip in model III. Dislocation emission is detected as the most important way of crack blunting and plastic deformation as illustrated in Fig. 6b and c in model III. The emitted dislocations move away from crack tip because of the high shear stress near the crack tip. As more dislocations are emitted, the initial sharp crack tip is clearly blunted and leads to ductile characteristic of crack propagation. So we conclude that surface energy and the available slip plane play a combined role in determining the mechanisms of crack propagation.
Anisotropic critical stress intensity factor and initial crack propagation stress intensity
In our study of fracture mechanism, we use the isotropic critical stress intensity factor in Eq. (3) to express the corresponding external load since displacement controlled load is applied based on isotropic elastic theory. Considering the anisotropic behavior of a single crystal used in our simulation, we will further discuss the anisotropic critical stress intensity factor for the four different models and compare them with the simulated stress intensity when crack begins to propagate found in our simulations.
When the anisotropic effect of a discrete crystal lattice is taken into account, the critical stress intensity factor (Mandell et al., 1974) 
where c is the surface energy and s ij is the compliance constant with indices 1, 2 and 6 referring to the directions of crack propagation, crack plane and crack front, respectively. The calculated surface energies of different crack planes have already listed in Table 2 . Besides calculating the critical stress intensity factor using Eq. (4), we also get the simulated stress intensity when each initial crack begins to propagate by examining atomic configurations near the crack tip in our simulations. Two theoretical critical stress intensity factors K IC and K Ã IC which are calculated based on isotropic and anisotropic continuum assumptions, respectively, as well as the initial crack propagation stress intensity K are given in Table 3 .
Compared the stress intensity factors based on isotropic assumption with the ones based on anisotropic assumption for four models, no significant numerical differences are found between two types of critical stress intensity factors. Therefore, it is acceptable to use isotropic critical stress intensity factor to describe different loading stages.
In the four different choices of crack orientations, initial crack propagation stress intensities are two or more times of the theoretical values predicted by Griffith criterion which has been proved to be an effective critical criterion for the cleavage fracture of brittle metals. In the case of model I, the simulated initial crack propagation stress intensity is four times larger than K Ã IC as the initial crack deflects from its original direction and propagates in a brittle manner by cleaving along ð 1 1 0Þ low surface energy plane. For the cases of model II and model III, even though the simulated crack-initiation stress intensities are two times larger than K Ã IC , they are closer to K Ã IC compared with model I and IV because of the low surface energies of initial crack planes. We find that low crack-initiation stress intensity does not indicate that the crack will propagate in brittle manner and high stress-initiation stress intensity is not directly related with ductile fracture. For instance, crack tip propagates in a brittle manner initially with a high crackinitiation stress intensity in model I, while ductile fracture in model III indicated by full dislocation emission has a relatively low crack-initiation stress intensity. In conclusion, the value of initial crack propagation stress intensity in our simulated model is mainly the result of the surface energy and it is not directly related with brittle or ductile fracture.
Criterion for ductile and brittle fracture
One of the most challenging topics in fracture mechanism is a given material's preference between brittle and ductile fracture mode. Several criterions have been proposed to forecast brittle or ductile failure of different materials. The most prominent one was carried out by Rice (1992) . In the model, Rice compared the energetic ''cost'' of creating new surfaces (the surface energy c s ) with the energy barrier that must be overcome to allow one atomic plane to slip over one another (the unstable stacking fault energy c usf ). Rice found that the parameter c usf /c s could be effectively used as a criterion to distinguish ductile fracture from brittle fracture for a particular crystal-lattice type and orientation.
In this part, a much more straightforward way from the perspective of continuum mechanics is used to propose a criterion to differentiate ductile fracture from brittle fracture. The criterion is then put into use to examine the different fracture behaviors found in our simulations. Fig. 8 is a schematic representation of stress components near a crack tip in a polar coordinate. According to the isotropic elastic theory, the stress components can be written as Feng (1987) r rr r hh r hr
sinðh=2Þ cos 2 ðh=2Þ
It is reasonable to suppose that the normal stress component perpendicular to the newly created crack plane plays a dominant role in cleavage fracture (brittle fracture). For instance, if the initial crack in Fig. 8 cleaves on the h = 0°plane, the most important stress leading to this brittle fracture is r hh (h = 0°). Whether cleavage along one plane occurs or not is also related with the metallic bond between the two atomic planes when the external load is applied.
This factor could be represented by the surface energy c s . Therefore, we take the variable k ¼ r hh c s ð6Þ Table 3 Isotropic and anisotropic stress intensity factors K IC and K Ã IC , as well as initial crack propagation stress intensity K. as a representation of the tendency of cleavage fracture. For different crystal orientations, the larger k is, the bigger chance cleavage will occurs. We now consider the case of ductile fracture characterized by atomic slip process such as dislocation emission and deformation twinning. Atomic slip process near the crack tip is mainly the result of shearing stress r hr if one slip plane inclines at angle h with the prolongation of the crack plane as shown in Fig. 8 . Also, when a slip process occurs, a critical unstable energy barrier need to be overcome if we imagine each atom as a sphere energy ball. In fact, the unstable energy barrier has already been used in Rice's model, namely the unstable stacking fault energy c usf if a partial dislocation is emitted. In the case of full dislocation emission, the critical unstable energy barrier is the cost of the largest energy when one atomic plane slips over another. Taking into account of the external stress r hr and the material parameter c usf , we use the variable
to describe the tendency of ductile fracture mode. The larger the value of g is, the easier ductile fracture will occur for different crystal orientations.
Since the variables k and g are used to describe the tendency of brittle fracture and ductile fracture respectively and any type of fracture always involves the competition between ductile and brittle fracture, it is appropriate and natural to assume the ratio k/g as an important parameter (we name the ratio as n) to represent the competition between brittle fracture and ductile fracture. The larger the parameter n is, the more possible brittle fracture wins over ductile fracture. On the contrary, if n is small, the fracture will tend to be ductile. Therefore, we assume n as a critical parameter to distinct brittle fracture from ductile fracture. According to Eqs. (5)- (7), n is given by
It can be seen from Eq. (8) that n is not only related with unstable stacking fault energy c usf and surface energy c s but also affected by the position of available slip planes near the initial crack tip.
To confirm the implication of the parameter n in differentiating brittle fracture from ductile fracture, the criterion is used in our simulation. Table 4 lists the values of n for four models and c sf of initial crack planes as well as c usf of available slip planes lying h angles with respect to initial crack planes for four crystal orientations. As mentioned above, the critical unstable energy barrier c usf is derived by calculating the cost of the largest energy when one atomic plane slips over another (in cases of no evident slip planes ahead of crack tip, c usf is the largest energy barrier of shearing atomic plane lying h = 45°with respect to the initial crack plane since shearing stress on h = 45°plane is usually the largest one). We will first examine the models of II, III and IV, considering the fact that the initial crack in model I have changed its direction of propagation, as shown in Fig. 4b . In model II, n is much larger as a result of low surface energy c sf and high energy barrier of shearing atomic plane (h = 45°). The high value of n indicates that Ta exhibits a strong tendency of brittle fracture in this case, as confirmed by the atomic configurations shown in Fig. 5 under this crystal orientation. In the case of III, the value of n is the smallest one in four models, indicating the strong competition between the shearing of atomic plane by dislocation emissions and the cleavage of atomic plane in the process of fracture. Therefore it is possible for ductile fracture to occur in these crystal orientations. Again, this is proved in the fracture simulation of model III: full dislocation emissions are found as shown in Fig. 6 . In the last case of twinning-accompanied fracture in model IV, n is much smaller than the one in the case of total brittle fracture in model II and larger than the one in the case of ductile fracture in model III. The value of n in model IV tends to lie in the domain of ductile-brittle fracture. Indeed, deformation twinning-accompanied fracture is sometimes mentioned as quasi-brittle fracture (Warner et al., 2007) or subcritical ductile fracture and is frequently found in the transition of ductile-to-brittle or brittle-to-ductile fracture Spielmannová et al., 2007) . Our understanding of twinning-accompanied fracture though the value of n is confirmed by these researches.
When the same criterion is used to predict brittle or ductile fracture in model I, it could be seen from Table. 4 that brittle fracture will dominate the fracture process by cleaving along initial crack plane if the possibility of the change of crack propagation direction is neglected. However, the crack tip has changed its initial direction and propagates on the low surface energy plane in a brittle manner as illustrated in Fig. 4 . We will continue to discuss the change of crack propagation direction based on the same concept that is used to derive Eq. (8). Since k derived in Eq. (6) is used to describe the tendency of cleavage fracture, we only need to compare the value of k on the initial crack plane (h = 0°) with the one on the new crack-propagation plane (h = 45°). It is found that the ratio of k h=0°t o k h=45°i s 1.10. This means that compared with cleaving along the initial crack plane, it costs nearly the same energy for the crack tip to change its direction to the low surface energy in a brittle manner. Therefore, it is possible for the initial crack to change its way of propagation to ð 1 1 0Þ low surface energy plane.
Conclusion
QC method is applied to study the anisotropic fracture behavior of BCC rare metal Ta under loading Mode I and different fracture mechanisms are discussed from nanoscopic and continuum perspectives to have a deep understanding of brittle and ductile fracture.
Crystalline anisotropy plays a critical role in the fracture mechanisms of single crystal Ta. Specifically, the surface energy of initial crack plane and the available slip planes ahead of crack tip are crucial in determining the brittle or ductile fracture. In model I ((1 0 0) [0 0 1] crack), initial crack tip tends to change its direction to low surface energy plane since there is no available slips planes and the surface energy of initial crack plane is high. In model II ((1 1 0) [0 0 1] crack), the surface energy of initial crack plane is low and there is not any slip plane near the crack tip. Brittle fracture by cleaving along its original crack plane dominates the whole fracture process. When it comes to model III (ð0 1 1Þ½0 1 1 crack), the initial crack still lies on low surface energy plane but with two slip planes ahead of the crack tip. In this case, crack tip blunting led by dislocation emissions characterizes the ductile fracture. When the twinning plane is available in model IV ((0 0 1) [1 1 0] crack), deformation twinning is favored as fracture goes on. Some of our simulation results are proved to be in consistent with related available experiments.
Both isotropic and anisotropic critical stress intensity factors based on continuum mechanics are derived for different crack orientations. They are compared with the critical stress intensities when initial cracks begin to propagate in a brittle or ductile way. We find that all the theoretical critical stress intensity factors of the four models tend to underestimate the critical stress intensities when initial cracks begin to propagate, especially when ductile fracture and direction deflection of crack propagation occur. This might be the result of the initial crack tip geometry and the excellent ductility behavior of Ta. A much more plain and straightforward concept is proposed to derive a criterion to distinguish brittle fracture from ductile fracture. The critical parameter n involves the surface energy (c s ) of crack plane and unstable stacking fault (c usf ) of possible slip plane as well as the angle between slip plane and initial crack plane. By examining the fracture behaviors of the four models, we find that this criterion tends to be appropriate in separating brittle fracture from ductile fracture.
